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Planck Collaboration: Gravitational lensing by large-scale structures with Planck

�0.5

0

0.5

1

1.5

2

1 10 100 500 1000 2000

[L
(L

+
1)

]2
C

�
�

L
/2

�
[�

10
7
]

L

Planck (2015)
Planck (2013)

SPT
ACT

Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 6. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors.

consequence, the fundamental production unit for TES devices are arrays of detectors (see Fig. 8), an
important attribute when considering the production of the 500,000 detectors required by CMB-S4. Second
TES devices are low-impedance (1 ⌦) and can be multiplexed with modern-day Superconducting QUantum
Interference Device (SQUID) multiplexers [96, 97, 98]. Multiplexed readouts are important for operating
large detector arrays at sub-Kelvin temperatures and are essential for CMB-S4. Lastly, TES detectors have
been successfully deployed as focal planes at the forefront of CMB measurements.

The TES was invented by HEP for detecting Dark Matter and neutrinos. Its subsequent integration into
CMB focal planes has enabled kilo-pixel arrays realizing the Stage II CMB program and ushering in an
era of unprecedented sensitivity. TES-based CMB detectors are the favored technology among Stage II
and proposed Stage III experiments, and have a clear path to the sensitivities required by CMB-S4. The
ubiquity of TES detectors for CMB illustrates the direct connection between HEP-invented technology and
CMB science.

The CMB-S4 Experimental Program

Delivering a half-million background-limited bolometers necessitates a change in the execution of the US
ground-based CMB program. The current US program consists of a number of independent (primarily
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• Half the sky

• 5 frequencies

• Map sensitivity 5x better than Planck

• Spatial resolution 5x better than Planck

• After that: SO, S4



Galaxy and κ maps, overlaid

• All smoothed to 1° scales

-       κ      +

-       gal    +

Bleem, van Engelen,  
Holder, et al 2012



Cross-correlation applications5.3 Cross Correlations with CMB Lensing 73

Figure 16. Redshift kernel for CMB lensing (blue solid) and for cosmic shear with LSST (red solid),
together with the expected redshift distribution of LSST galaxies (red dashed) and the CMB source redshift
(blue dashed).

5.3.1 CMB Lensing Cross Galaxy Density

Galaxies form in the peaks of the cosmic density field; thus the distribution of galaxies traces the underlying
dark matter structure – which contributes to the CMB lensing potential. Cross-correlating galaxy density
distributions with CMB lensing is highly complementary to galaxy clustering measurements. Galaxy surveys
measure luminous matter while CMB lensing maps directly probe the underlying dark matter structure. Thus
these correlations provide a clean measurement of the relation between luminous matter and dark matter.
Cross-correlations between independent surveys are more robust against details of selection functions or
spatially inhomogeneous noise that could add spurious power to auto-correlations. Additionally, while CMB
lensing maps are projected along the line-of-sight, galaxy redshift surveys provide information about the
line-of-sight distance; thus correlating redshift slices of galaxy populations allow for tomographic analysis of
the CMB lensing signal (see, e.g., SPT/DES 2015). These properties can lead to improved constraints on
cosmology: for example, with LSST galaxies, it has been shown that including cross-correlation with CMB
lensing can substantially improve constraints on neutrino masses (Pearson & Zahn 2013).

CMB lensing was first detected using such a cross-correlation (Smith+ 2007, Hirata+ 2008). Since these
first detections, cross-correlation analyses have been performed with tracers at many wavelengths, including
optically-selected sources (Bleem+ 2012, Sherwin+ 2012, Planck 2013 XVII, SPT/DES 2015, Pullen+ 2014),
infrared-selected sources (Bleem+ 2012, Geach+ 2013, DiPompeo 2015), X-ray-selected galaxy clusters
(Planck 2013 XVIII), sub-mm-selected galaxies (Bianchini+ 2014,2015) and maps of flux from unresolved
dusty star-forming galaxies (Holder+ 2013, Hanson+ 2013, Planck 2013 XVIII, van Engelen+ 2015).

On the timescale of the S4 experiment, a number of large surveys are expected be complete, including DESI,
Euclid, and LSST. Due to the high number density of objects detected, wide areal coverage, and accurate
redshifts, the precision of cross-correlation measurements with these surveys will be much higher than those
performed to date. For example, the amplitude of cross-correlation between the S4 convergence map and
the galaxy distribution from LSST is expected to be measured to XXX%.

CMB-S4 Science Book
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• Mass tomography with long 
lever arm

• Calibrating shear intrinsic 
alignments

• Calibrating multiplicative shear 
biases

<κCMB δgal > 

• bgal(z)

• Distance ratios with multiple sources

• Calibrating multiplicative shear biases

• Independent measure of mν?
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• Temperature-dominated — for time being

• Statistical error dominated — for time being
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Foreground biases to cross-correlation
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Foreground “correlatedness” bias

At a local overdensity of lensing mass, CMB stretches out:

Unlensed

Lensed

But also a local excess of variance from tracers
⟹ Missing CMB fluctuation “filled in” with tracers

⟹ Less lensing inferred 

Sensitive to <S S κ> bispectrum



Foreground biases
from temperature at one frequency (150 GHz)
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Figure 6. Bias from the four-point function of the thermal SZ effect, obtained
theoretically for two mass thresholds. The error bands indicate the impact of
marginalizing over σ8 and Ac, while forcing the theoretical power spectrum to
agree with measurements from SPT (Reichardt et al. 2012), within uncertainties.
The black curve shows the lensing power spectrum multiplied by 0.05.
(A color version of this figure is available in the online journal.)
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Figure 7. Biases on CMB lensing power spectra from tSZ clusters. Top left:
power spectra of the tSZ simulations, including those of B14 (blue) and S10
(red). Fainter colors correspond to more aggressive cluster mass cuts. Bottom
left: CMB lensing bias from the four-point function of these reconstructions as a
function of lensing multipole, L. Error bars denote the error on the mean, based
on the scatter from 42 patches of 100 deg2 each. Top right: cross-correlation
between the tSZ and the lensing field κ in the simulations. Bottom right: absolute
value of the bias induced from correlation between the square of the tSZ and
the lensing field. The black curves show the lensing power spectrum multiplied
by 0.05.
(A color version of this figure is available in the online journal.)

σ8 = 0.8 and Ac = 1.4; this is well-motivated by estimates of
the concentration-mass relations in the simulations.

The left panel of Figure 8 shows the fractional bias on the
lensing power spectrum at L = 500 for the two tSZ simulations.
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Figure 8. Amplitude of simulation-derived thermal SZ biases at L = 500.
Left panel: bias from tSZ four-point function; right panel: absolute value of the
(negative) bias from the cross-correlation between tSZ and κ . Error bars denote
the error on the mean, based on the scatter from 42 patches, each of 100 deg2. In
the left panel, the black points correspond to the theoretical biases from the tSZ
trispectrum, Equations (18) and (12), with errors that include marginalization
over σ8 and Ac. The amplitude is lower than in the simulations because the
simulations use a higher σ8 and Ac than the theory.
(A color version of this figure is available in the online journal.)

In order for the four-point bias to be reduced to sub-percent
levels we find that it is necessary to mask to Mvir ! 5×1014 M⊙.

5.2. The Galaxy Cluster–Lensing Correlation

As with the CIB, the tSZ sky is correlated with the CMB
lensing field (Hill & Spergel 2014). Since both sets of large-
scale structure-based simulations contain lensing fields which
are obtained from the same dark matter that is used to populate
the halos, both will contain a nonzero cross-correlation. As
shown in the top-right panel of Figure 7, the S10 simulations
(with the updated tSZ model described in Section 3) yield a
tSZ–κ cross-correlation coefficient of 40%, and the B14 model
yields a cross-correlation coefficient of 20%. These values are
for effectively no cluster masking; the reduction in the cross-
correlation when masking is performed is also shown. The factor
of two difference between the tSZ–κ cross-correlation obtained
from the S10 and B14 simulations is likely due to differences in
the modeling of the tSZ effect from the intergalactic medium and
at high redshifts. Performing lensing reconstructions on the tSZ
fields and cross-correlating with the input lensing maps leads to
a bias which is negative at L < 2000, and positive at higher L,
as with the CIB. In the bottom-right panel of Figure 7, we show
the bias from this correlation, for the two sets of simulations,
and for three levels of cluster masking. The values of the bias at
L = 500 are also shown as a function of mask level in the right
panel of Figure 8. Without cluster masking, this is a ∼10% bias
for both simulations. Masking to Mvir = 5 × 1014 M⊙ reduces
the bias to ∼2%, and more aggressive masking reduces this bias
to a sub-percent level.

5.3. Dependence of SZ Bias on Mask Radius

Much of the tSZ four-point bias originates from large,
relatively nearby halos. An insufficiently large mask leaves
wings around each large projected cluster, which can become
the dominant source of non-lensing fluctuation in reconstructed
lensing maps. In Figure 9, we show the bias on the lensing power
spectrum at L = 500 as a function of maximal cluster mass, for
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Figure 1. Biases on lensing power spectra from the CIB. In all panels, source
cuts have been applied to 5 mJy. Top left: power spectra of simulations used,
including model 1 (green) and model 2 (blue) of the B14 simulations, together
with the S10 simulations. We also show the SPT (left black error bar; Reichardt
et al. 2012) and ACT (right black error bar; Das et al. 2013) measurements. The
gray error bars for SPT indicate the spread of amplitudes at l = 3000 for the five
CIB models considered by Reichardt et al. (2012). Bottom left: resulting biases
from the trispectrum of the simulated sources. Top right: CIB cross-correlation
with the projected mass fluctuations, κ , that lens the CMB. We also show in
black the cross-correlation found by Planck Collaboration (2013b). Bottom
right: absolute value of the bias originating from correlations between the CIB
and κ fields. The black curves show the lensing power spectrum multiplied by
0.05 for a fiducial ΛCDM cosmology.
(A color version of this figure is available in the online journal.)

approach is that there are few parameters with which to explore
the parameter space. The disadvantage is that one cannot predict
how different galaxy populations contribute to the infrared
background power. There is also significant choice in which
halos receive infrared flux. Two such choices are made, yielding
models constructed to give the same amount of clustered power
seen in experiments (Reichardt et al. 2012; Sievers et al. 2013),
and to match the infrared intensity distribution of the Béthermin
et al. (2011) model. We choose the values of A, α, and β such
that both the models match the observed clustered power. We
then compute the CIB bispectra for these two models (shown
in Figure 2), but do not attempt to modify the parameters to
fit the bispectrum. For the CIB analysis described below, we
additionally scale the CIB maps from the two models by factors
of 1.21 and 1.12, to exactly match the amplitude of the clustered
CIB at 150 GHz found by Reichardt et al. (2012) at l = 3000.

The second set of simulations we use is the S10 simulations,
which are described in Sehgal et al. (2010) and are publicly
available. We make two modifications to these simulations that
differ from the original S10 version. The first is that the SZ gas
model that is implemented is instead the gas model described
in Bode et al. (2012). The second is that the fluxes of all the
infrared galaxies in this simulation have been scaled down by
25%. This reduction in flux makes the infrared galaxy model
of S10 match the amplitude of the total infrared background
power spectrum measured by ACT and SPT at 150 GHz at
l = 3000 (Reichardt et al. 2013; Sievers et al. 2013). This
infrared model also matches the source counts measured by

Figure 2. Bispectra of the CIB simulations, including the S10 model (red) and
the two B14 models (green and blue). The SPT (Crawford et al. 2014) and
Planck (Planck Collaboration 2013e) data, both scaled from 220 GHz down to
150 GHz using the procedure described in the text, are shown as the dashed
and dotted curves, respectively. The error bands include uncertainties in the
frequency scaling in addition to the reported errors.
(A color version of this figure is available in the online journal.)

SCUBA at 350 GHz (Coppin et al. 2005), the total infrared
background intensity measured by FIRAS (Fixsen et al. 1998),
and the bispectrum measured by both SPT and Planck (Crawford
et al. 2014; Planck Collaboration 2013e).9 The S10 simulations
including these two new modifications are publicly available at
http://www.slac.stanford.edu/∼sehgal/simsv2.0/.

The power spectra for the two CIB simulations we consider,
including the flux rescalings, are shown in the upper-left panel
of Figure 1. Here, sources above 5 mJy have been removed to
approximately match the 6.4 mJy cut of the SPT analysis.10

We also estimate the bispectrum for our CIB models, using the
tools described in detail in Crawford et al. (2014), including
masks to 5 mJy. These are shown in Figure 2, together with the
measurements from SPT on scales l > 1500 (Crawford et al.
2014), and from Planck on scales l < 800 (Planck Collaboration
2013e). For both experiments, we scale the more significant
measurement at 220 GHz to 150 GHz with a flux factor given
by the ratio of the Poisson CIB bispectrum measurement at 220
to that at 150 GHz, which is 6.03 ± 2.23 (Crawford et al. 2014).
We divide the 220 GHz clustered CIB measurements by this
factor to obtain the measurement at 150 GHz. The final error bar
includes uncertainty in the Poisson power at 150 and 220 GHz,
and the uncertainty in clustered power at 220 GHz. The S10
model and the first B14 model are consistent with the SPT-
obtained bispectrum, within approximately two sigma. The S10
model is also consistent with the bispectrum recently measured
by Planck at low multipoles (l ! 800). The second B14 model
has a larger bispectrum than that seen by SPT by a factor of ∼10,
because the distribution of flux in this model is concentrated
toward more massive halos. Lensing biases obtained from this
model may thus be overestimated.

9 Note that the S10 infrared galaxy model also predicts an abundance of
infrared galaxies in massive clusters that is only 30 times larger than the field,
contrary to the claims in Lueker et al. (2010) and Hall et al. (2010). This
abundance of infrared galaxies in massive clusters is completely consistent
with the measurements of Bai et al. (2007).
10 ACT removed sources above 15 mJy, which results in a negligible
difference in power compared to the 6.4 mJy cut.

4

The Astrophysical Journal, 786:13 (14pp), 2014 May 1 van Engelen et al.

10−6

10−5

10−4

C
l (

µK
2 )

0  1000  2000   
l

obs. clustered

obs. total

CIB power

0  1000  2000   
L

10−11

10−10

10−9

10−8

10−7

L
4  C

Lφφ
 / 

2π

CIB 4−pt. bias

−1.0

−0.5

0.0

0.5

1.0

C
IB

− κ
 c

or
re

la
tio

n

0  1000  2000   
l

Planck

B13 model 1
B13 model 2
S10 model

CIB−κ corr.

0  1000  2000   
L

10−11

10−10

10−9

10−8

10−7

L
4  C

Lφφ
 / 

2 π

CIB2−κ corr. bias

Figure 1. Biases on lensing power spectra from the CIB. In all panels, source
cuts have been applied to 5 mJy. Top left: power spectra of simulations used,
including model 1 (green) and model 2 (blue) of the B14 simulations, together
with the S10 simulations. We also show the SPT (left black error bar; Reichardt
et al. 2012) and ACT (right black error bar; Das et al. 2013) measurements. The
gray error bars for SPT indicate the spread of amplitudes at l = 3000 for the five
CIB models considered by Reichardt et al. (2012). Bottom left: resulting biases
from the trispectrum of the simulated sources. Top right: CIB cross-correlation
with the projected mass fluctuations, κ , that lens the CMB. We also show in
black the cross-correlation found by Planck Collaboration (2013b). Bottom
right: absolute value of the bias originating from correlations between the CIB
and κ fields. The black curves show the lensing power spectrum multiplied by
0.05 for a fiducial ΛCDM cosmology.
(A color version of this figure is available in the online journal.)

approach is that there are few parameters with which to explore
the parameter space. The disadvantage is that one cannot predict
how different galaxy populations contribute to the infrared
background power. There is also significant choice in which
halos receive infrared flux. Two such choices are made, yielding
models constructed to give the same amount of clustered power
seen in experiments (Reichardt et al. 2012; Sievers et al. 2013),
and to match the infrared intensity distribution of the Béthermin
et al. (2011) model. We choose the values of A, α, and β such
that both the models match the observed clustered power. We
then compute the CIB bispectra for these two models (shown
in Figure 2), but do not attempt to modify the parameters to
fit the bispectrum. For the CIB analysis described below, we
additionally scale the CIB maps from the two models by factors
of 1.21 and 1.12, to exactly match the amplitude of the clustered
CIB at 150 GHz found by Reichardt et al. (2012) at l = 3000.

The second set of simulations we use is the S10 simulations,
which are described in Sehgal et al. (2010) and are publicly
available. We make two modifications to these simulations that
differ from the original S10 version. The first is that the SZ gas
model that is implemented is instead the gas model described
in Bode et al. (2012). The second is that the fluxes of all the
infrared galaxies in this simulation have been scaled down by
25%. This reduction in flux makes the infrared galaxy model
of S10 match the amplitude of the total infrared background
power spectrum measured by ACT and SPT at 150 GHz at
l = 3000 (Reichardt et al. 2013; Sievers et al. 2013). This
infrared model also matches the source counts measured by

Figure 2. Bispectra of the CIB simulations, including the S10 model (red) and
the two B14 models (green and blue). The SPT (Crawford et al. 2014) and
Planck (Planck Collaboration 2013e) data, both scaled from 220 GHz down to
150 GHz using the procedure described in the text, are shown as the dashed
and dotted curves, respectively. The error bands include uncertainties in the
frequency scaling in addition to the reported errors.
(A color version of this figure is available in the online journal.)

SCUBA at 350 GHz (Coppin et al. 2005), the total infrared
background intensity measured by FIRAS (Fixsen et al. 1998),
and the bispectrum measured by both SPT and Planck (Crawford
et al. 2014; Planck Collaboration 2013e).9 The S10 simulations
including these two new modifications are publicly available at
http://www.slac.stanford.edu/∼sehgal/simsv2.0/.

The power spectra for the two CIB simulations we consider,
including the flux rescalings, are shown in the upper-left panel
of Figure 1. Here, sources above 5 mJy have been removed to
approximately match the 6.4 mJy cut of the SPT analysis.10

We also estimate the bispectrum for our CIB models, using the
tools described in detail in Crawford et al. (2014), including
masks to 5 mJy. These are shown in Figure 2, together with the
measurements from SPT on scales l > 1500 (Crawford et al.
2014), and from Planck on scales l < 800 (Planck Collaboration
2013e). For both experiments, we scale the more significant
measurement at 220 GHz to 150 GHz with a flux factor given
by the ratio of the Poisson CIB bispectrum measurement at 220
to that at 150 GHz, which is 6.03 ± 2.23 (Crawford et al. 2014).
We divide the 220 GHz clustered CIB measurements by this
factor to obtain the measurement at 150 GHz. The final error bar
includes uncertainty in the Poisson power at 150 and 220 GHz,
and the uncertainty in clustered power at 220 GHz. The S10
model and the first B14 model are consistent with the SPT-
obtained bispectrum, within approximately two sigma. The S10
model is also consistent with the bispectrum recently measured
by Planck at low multipoles (l ! 800). The second B14 model
has a larger bispectrum than that seen by SPT by a factor of ∼10,
because the distribution of flux in this model is concentrated
toward more massive halos. Lensing biases obtained from this
model may thus be overestimated.

9 Note that the S10 infrared galaxy model also predicts an abundance of
infrared galaxies in massive clusters that is only 30 times larger than the field,
contrary to the claims in Lueker et al. (2010) and Hall et al. (2010). This
abundance of infrared galaxies in massive clusters is completely consistent
with the measurements of Bai et al. (2007).
10 ACT removed sources above 15 mJy, which results in a negligible
difference in power compared to the 6.4 mJy cut.
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Figure 6. Bias from the four-point function of the thermal SZ effect, obtained
theoretically for two mass thresholds. The error bands indicate the impact of
marginalizing over σ8 and Ac, while forcing the theoretical power spectrum to
agree with measurements from SPT (Reichardt et al. 2012), within uncertainties.
The black curve shows the lensing power spectrum multiplied by 0.05.
(A color version of this figure is available in the online journal.)
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Figure 7. Biases on CMB lensing power spectra from tSZ clusters. Top left:
power spectra of the tSZ simulations, including those of B14 (blue) and S10
(red). Fainter colors correspond to more aggressive cluster mass cuts. Bottom
left: CMB lensing bias from the four-point function of these reconstructions as a
function of lensing multipole, L. Error bars denote the error on the mean, based
on the scatter from 42 patches of 100 deg2 each. Top right: cross-correlation
between the tSZ and the lensing field κ in the simulations. Bottom right: absolute
value of the bias induced from correlation between the square of the tSZ and
the lensing field. The black curves show the lensing power spectrum multiplied
by 0.05.
(A color version of this figure is available in the online journal.)

σ8 = 0.8 and Ac = 1.4; this is well-motivated by estimates of
the concentration-mass relations in the simulations.

The left panel of Figure 8 shows the fractional bias on the
lensing power spectrum at L = 500 for the two tSZ simulations.
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Figure 8. Amplitude of simulation-derived thermal SZ biases at L = 500.
Left panel: bias from tSZ four-point function; right panel: absolute value of the
(negative) bias from the cross-correlation between tSZ and κ . Error bars denote
the error on the mean, based on the scatter from 42 patches, each of 100 deg2. In
the left panel, the black points correspond to the theoretical biases from the tSZ
trispectrum, Equations (18) and (12), with errors that include marginalization
over σ8 and Ac. The amplitude is lower than in the simulations because the
simulations use a higher σ8 and Ac than the theory.
(A color version of this figure is available in the online journal.)

In order for the four-point bias to be reduced to sub-percent
levels we find that it is necessary to mask to Mvir ! 5×1014 M⊙.

5.2. The Galaxy Cluster–Lensing Correlation

As with the CIB, the tSZ sky is correlated with the CMB
lensing field (Hill & Spergel 2014). Since both sets of large-
scale structure-based simulations contain lensing fields which
are obtained from the same dark matter that is used to populate
the halos, both will contain a nonzero cross-correlation. As
shown in the top-right panel of Figure 7, the S10 simulations
(with the updated tSZ model described in Section 3) yield a
tSZ–κ cross-correlation coefficient of 40%, and the B14 model
yields a cross-correlation coefficient of 20%. These values are
for effectively no cluster masking; the reduction in the cross-
correlation when masking is performed is also shown. The factor
of two difference between the tSZ–κ cross-correlation obtained
from the S10 and B14 simulations is likely due to differences in
the modeling of the tSZ effect from the intergalactic medium and
at high redshifts. Performing lensing reconstructions on the tSZ
fields and cross-correlating with the input lensing maps leads to
a bias which is negative at L < 2000, and positive at higher L,
as with the CIB. In the bottom-right panel of Figure 7, we show
the bias from this correlation, for the two sets of simulations,
and for three levels of cluster masking. The values of the bias at
L = 500 are also shown as a function of mask level in the right
panel of Figure 8. Without cluster masking, this is a ∼10% bias
for both simulations. Masking to Mvir = 5 × 1014 M⊙ reduces
the bias to ∼2%, and more aggressive masking reduces this bias
to a sub-percent level.

5.3. Dependence of SZ Bias on Mask Radius

Much of the tSZ four-point bias originates from large,
relatively nearby halos. An insufficiently large mask leaves
wings around each large projected cluster, which can become
the dominant source of non-lensing fluctuation in reconstructed
lensing maps. In Figure 9, we show the bias on the lensing power
spectrum at L = 500 as a function of maximal cluster mass, for
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Foreground biases

• Use multiwavelength (AdvACT — 5 frequencies)

• Estimate bispectra of sources and project out (Osborne+ 2014)

• Use polarization, not temperature (very high-sensitivity CMB 
maps — Simons Observatory, CMB-S4)

How to remove?
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FIG. 1. N (3/2) CMB lensing bias that arises as a consequence of a non-vanishing bispectrum of large-scale structure. In this
plot we show the bias on a measurement of the CMB lensing power spectrum from temperature data. The signal lensing power
spectrum C�� is shown for comparison (black). Di↵erent panels show di↵erent experiment specifications summarized in Table I.
The bias appears significant for Stage-III and Stage-IV experiments. It should be noted that the bias plotted here is the sum
of two out of many contributing terms to the total bias (see Section IIIA). These two terms, denoted type A1 (Eq. (34)) and
type C1 (Eq. (37)), are likely two of the largest terms. We provide analytic expressions for the remaining terms but defer their
evaluation to future work.

>1% effect in 
auto (tree-level 

bispectrum), 
more in sims

Larger for 
cross-corr.

Use cosmic 
shear to 

estimate??

non-linear growth, <κκκ>

Also: post-Born effects: <0.2% on auto-power 
(Pratten & Lewis 2016, last week)

Boehm, Schmittfull, Sherwin 2016
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III. EFFECT OF LENSING BISPECTRUM ON MEASURED LENSING POWER SPECTRUM

A. Overview

We now drop the assumption that the lensing potential � is Gaussian. In this case, n-point functions with an odd
number of lensing potentials no longer need to vanish, and n-point functions no longer need be determined by the
Gaussian 2-point power spectrum C�� alone. We consider only a non-zero 3-point function or bispectrum, and ignore
corrections from all higher-order n-point functions. This approximation is motivated by the specific non-Gaussianity
generated by large-scale structure modes in the mildly nonlinear regime relevant for CMB lensing. We also assume
that the unlensed CMB is a Gaussian field. For simplicity, we ignore the ISW e↵ect and its induced correlation CT�,
but note that accounting for it may lead to additional biases that should be investigated in the future.

Allowing a non-zero lensing potential bispectrum B
�

, the lensed temperature 4-point function entering the expec-
tation value for the measured lensing power spectrum (23) picks up additional contractions that would vanish for a
Gaussian lensing potential. For example, using the Taylor expansion (8), one new allowed contraction is of the form

hT̃ T̃ T̃ T̃ i = h�T �T �TT i + · · · = hT
,i

�
,i

T
,j

�
,j

T
,k

�
,k

T i + · · · , (25)

where subscripts denote gradients T
,i

= r
i

T and �
,i

= r
i

�. Since the lensing change �nT is of order �n and linear
in the unlensed temperature T , there are four qualitatively di↵erent contraction types that arise for the measured
lensing power spectrum (23) at order �3:

type A: h�T �T �T 0T 0i type B: h�2T �T T 0T 0i type C: h�2TT �T 0T 0i type D: h�3TT T 0T 0i. (26)

The last two temperature fields are labeled with primes to indicate that they correspond to the second reconstruction
field �̂(�L) in Eq. (23); quantities without primes correspond to the first reconstruction field �̂(L).2

Each type of terms allows several Wick’s theorem contractions. For example, for type A there are three contractions
that we label A1, A2 and A3:

(A) h�T �T �T 0T 0i ⇠ hT
,i

�
,i

T
,j

�
,j

T 0
,k

�0
,k

T 0i
A1 + hT

,i

�
,i

T
,j

�
,j

T 0
,k

�0
,k

T 0i
A2 + hT

,i

�
,i

T
,j

�
,j

T 0
,k

�0
,k

T 0i
A3. (27)

Similarly, the type B term has three contractions B1, B2 and B3,

(B) h�2T �T T 0T 0i ⇠ hT
,ij

�
,i

�
,j

T
,k

�
,k

T 0T 0i
B1 + hT

,ij

�
,i

�
,j

T
,k

�
,k

T 0T 0i
B2 + hT

,ij

�
,i

�
,j

T
,k

�
,k

T 0T 0i
B3, (28)

and the type C term has contributions C1, C2 and C3:

(C) h�2TT �T 0T 0i ⇠ hT
,ij

�
,i

�
,j

T T 0
,k

�0
,k

T 0i
C1 + hT

,ij

�
,i

�
,j

T T 0
,k

�0
,k

T 0i
C2 + hT

,ij

�
,i

�
,j

T T 0
,k

�0
,k

T 0i
C3. (29)

We omit the type D terms here as these can be shown to be zero.
In our paper, we evaluate the A1 and C1 terms numerically and focus on them in the main text. We focus on these

terms both because they are expected to be among the largest and because they allow for numerical evaluation on
reasonable timescales. In contrast, as discussed in Appendix C, the B1 term is zero, and the A2 and A3 terms are
tightly coupled, which prevents evaluation (the integrals are six-dimensional), but also suggests that these terms are
small. Furthermore, the C2 term should be naturally accounted for in the (realization-dependent) calculations of the
N (0) bias which is included in modern lensing pipelines. We defer a full evaluation of the remaining B2, B3, and C3
terms to future work; we note that if they have a similar order of magnitude to A1+C1, our approximate calculation
might underestimate the true bias.

The new contractions allowed by a non-zero lensing bispectrum lead to a new bias N (3/2)
L,tot of the measured 4-point

lensing power spectrum,

hC �̂�̂

L

i = N
(0)
L

+ C��

L

+N
(1)
L

+N
(3/2)
L,tot + O[(C��)5/2] (non-Gaussian �). (30)

2 In position space, this corresponds to reconstructed lenses at two di↵erent positions x and x

0 on the sky, also see Appendix E.

e.g., in auto:
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power spectrum significantly. Higher signal-to-noise can
be achieved by correlating power in different directions
on the sky, effectively using the four-point function signa-
ture imprinted by lensing to reconstruct the line-of-sight
integrated matter distribution1.

The strength of the weak lensing smoothing is related
to the growth rate and amplitude of the dark matter
fluctuations. Since both dark energy or modified gravity
significantly affects these perturbations, a measurement
of the CMB lensing, through its high-ℓ smoothing, can
in principle be a useful cosmological test (see e.g. [10]).

The recent claim made by the ACBAR collaboration
([11]) for a detection of weak lensing, based solely on
smoothing of the angular power spectrum, opens the
opportunity for this kind of analysis. To first order,
lensing causes the primordial peak structure to be less
pronounced, as gravitational potential fluctuations on
large scales mix the various scales in the primordial
CMB power. Based on the effect on the power spec-
trum, the ACBAR collaboration has reported a ∆χ2 =
9.46 between the lensed and unlensed best fits to the
WMAP+ACBAR data, which translates into a ≥ 3σ de-
tection of CMB lensing.

In this paper we further analyze this result and we
study the possible cosmological implications. In the next
section we phenomenologically uncouple weak lensing
from primary anisotropies by introducing a new param-
eter AL that scales the gravitational potential in a way
such that AL = 1 corresponds to the expected weak lens-
ing scenario. We then constrain this parameter with cur-
rent CMB data, we evaluate the consistency with AL = 1,
the correlation with other parameters and with other sys-
tematics such as SZ. We will report a ∼ 2σ preference
for values of AL > 1. We will then discuss some possi-
ble cosmological mechanisms that can increase the CMB
smoothing, namely an extra background of cosmic strings
and modified gravity.

II. ANALYSIS METHOD

Weak lensing of the CMB anisotropies enters as a con-
volution of the unlensed temperature spectrum Cℓ with
the lensing potential power spectrum CΨ

ℓ
(see [8]). This

convolution serves to smooth out the main peaks in the
unlensed spectrum, which is the main qualitative effect
on the power spectrum on scales larger than the ACBAR
beam, or 6′.

The weak lensing parameter is defined as a fudge scal-
ing parameter affecting the lensing potential power spec-
trum:

CΨ
ℓ → ALCΨ

ℓ . (1)

1 This type of estimator has recently been used to find evidence of
order 3− σ in the WMAP data [42, 43] in cross-correlation with
galaxy surveys.

FIG. 1: This figure shows the effect of varying AL parame-
ter. The curves with increasingly smoothed peak structure
correspond to values of AL of 0,1,3,6,9.

In other words, parameter AL effectively multiplies
the matter power lensing the CMB by a known factor.
AL = 0 is therefore equivalent to a theory that ignores
lensing of the CMB, while AL = 1 gives the standard
lensed theory. Since at the scales of interest the main
effect of lensing is purely to smooth peaks in the data,
AL can also be seen as a fudge parameter controlling the
amount of smoothing of the peaks. The Figure 1 illus-
trates this effect of varying AL on a concordance cosmo-
logical model.

In what follows we provide constraints on AL by an-
alyzing a large set of recent cosmological data. The
method we adopt is based on the publicly available
Markov Chain Monte Carlo package cosmomc [17] with
a convergence diagnostics done through the Gelman
and Rubin statistics. We sample the following eight-
dimensional set of cosmological parameters, adopting flat
priors on them: the baryon and cold dark matter den-
sities ωb and ωc, the ratio of the sound horizon to the
angular diameter distance at decoupling, θs, the scalar
spectral index nS , the overall normalization of the spec-
trum A at k = 0.002 Mpc−1, the optical depth to reion-
ization, τ . Furthermore, we consider purely adiabatic
initial conditions and we impose spatial flatness. We also
consider the possibility of a massive neutrino component
with fraction fν > 0 and, finally, we add the weak lensing
parameter AL.

Our basis data set is the three–year WMAP data [3]
(temperature and polarization) with the routine for com-
puting the likelihood supplied by the WMAP team. As
we were approaching completition of this paper, the five
year WMAP result data became available ([4], [5]). We
have therefore checked that our results are stable with
respect to the new data.

We add the high quality and the fine-scale measure-
ments from the ACBAR experiment ([11]) by using the

Lensing Amplitude  
Alens: 0 → 8

Calabrese et al.  (2008)

One more application:  
Delensing small-scale Cl

TT, ClEE 



One more application:  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Green, Meyers, AVE 2016 in prep.

• Perturbative approach 
used in forecasting Cl

BB 
delensing is perturbative 
and only removes power

• We do “all-orders” 
correlation function-
based delensing 
(Challinor+Lewis 2006)

• Can use any LSS map in 
principle (today, CIB; 
tomorrow, φ(ΕΒ))



One more application:  
Delensing small-scale Cl
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The BAO feature in BOSS galaxies
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Free Streaming and the Phase Shift

Baumann, Green, JM, Wallisch (2015)

Neff = 3.046 
Nfluid = 0

Neff = 2.046 
Nfluid = 1

Unlensed

Lensed

• The phase shift can be used to distinguish between free streaming and 
non-free streaming radiation species

• The phase shift is most easily detectable in the delensed EE spectrum 
due to the sharper peaks

• Neff defined via: 

• ν + other ρr: damping 

• ν + free-streaming species: phase shift in CMB acoustic peaks 
(detected with Planck, Follin+ 2015)

Neff

• The “effective number of neutrino species” Neff
measures the total energy density in radiation 
excluding photons

• Because it receives contributions from all sorts of 
radiation, Neff need not have anything to do with 
neutrinos

• Neff is observable due to the gravitational influence of 
the radiation in the early universe

Neff 
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Free Streaming and the Phase Shift

Baumann, Green, JM, Wallisch (2015)

Neff = 3.046 
Nfluid = 0

Neff = 2.046 
Nfluid = 1

Unlensed

Lensed

• The phase shift can be used to distinguish between free streaming and 
non-free streaming radiation species

• The phase shift is most easily detectable in the delensed EE spectrum 
due to the sharper peaks

Baumann, Green, Meyers, Wallisch 2015

Effects of Neutrinos on the CMB

• Increased radiation density leads to increased damping (when holding the scale 
of matter-radiation equality fixed)

• Anisotropic stress due to radiation free streaming has two effects:
• Shift in amplitude at small scales
• Phase shift of acoustic peaks at small scales

Bashinsky, Seljak (2004), Hou, Keisler, Knox, Millea, Reichardt (2012), Follin, Knox, Millea, Pan (2015)



Forecasted constraints on Neff 

Green, Meyers, AVE 2016 in prep.
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Summary

• CMB lensing is currently done with temperature and is 
statistical-error limited

• Current and future cross- and auto-correlations with 
temperature-based data may have issues with sources 
and with non-linear growth - 3 solutions

• Delensing high-ell T and E maps will improve Neff 

constraints 


